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A 240-kA SWITCHWITH POTENTIAL APPLICATION
IN EL!KTROMACNETICLAUNCt?SYSTEMS*

E. M. Ibnig
Los Alamos National Laboratory

b.e Alauoe, ~ 87545

Summary

Electromagnetic (~) launchera have aevare
switching rcquirernento. Switching demanda for railgun
ayatema, for instance, include current conduction from
hundreds of M to a few MA, conduction timec of a ma
to a few s, standoff voltagea as high aa a few tens of
kV, recovery valtages of 1-10 kV after conduction,
opening and cloning duty, and repetitive operation up
to about 50 Hz. These demands, particularly for re-
petitive opening duty, are far beyond the capability
ot most current switches and switching concepts.

This paper will review the performance of rod
array triggered vacuum gap (RATVG) avitchea an’1 die-
cuea their potential for solving switching problems
in EN launcher syotema. A new mods of operation for
the RATVC switch In proposed. Fundamental consider-
ations for the operation of opening switches and their
aomociated tranafer circuits ● re presented. Methodo
of recovering the railgun’s inductive ●nergy to enable
efficiant repetitive operation are diocuuaed ●nd new
circuits with ouch capability ~re proposed.

Int roduct ion—.

Vncuum ●witchec can conduct large currents in ●

low voltage, diffuse-arc mode. Furthermore, they are
●hla to open during ● short per:od of zero current and
recowr with ● rate of rise of recovery volts ● (rrrv)
factar than ●ny other high power ●witchee. ! The8e
capabilities provided some of the baeic motivation be-
hind research ● t the Oeneral Electric Company (GE)
aimed at ●xtending the ume of vacuum switcheo from the
distribution claaa (5-15 kV ac) to the tranamieeion
claan (&t lea~t 72kVac).2 Thie work, cponeored by
tha Electric Power Research Irstitute (EFRI), wae pra-
vented from ●chiaving ite primary goal by the rapid
and succeemful development o? SF~ puffer-type inter-
rupters.2 Naverthuleaa, the significant ●dvancea ❑ade
in vacuum switch technology have important lmplt-
Catione for the pulubfl power field,

The reoearch ● t GE wan particularly oucceceful
in proving the morito of ● new type of vacuum switch
otructure, the rod ●rray type. In thie rtructure,
metal ro,lo attached to the ●node ●nd cuthode ●nd
platee aro interleaved *nd owrlapped, eo ● own hy the
echematic drawing of the Cl !tu!%l, Pts, 1.. In thlt
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Pig. 1. %!mmattc d!anram of typo Cl rod ●rray
trtgscrad vacwum cap (l!ATVC) awttch,3
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tube, the rods are equally apa:ed around a circlm and
the area butn in an circumferef~tial direction between
them. This type of etructvre rapidly proved ita capa-
bility to hamfle large currents while maintaining u
diffuse vacuum arc. One ●arly experimental device, III
● remountable vacuum chamber, carried a current pulse
of 240 M peak and a total charga tranefer of 1275 C
“without any tracea of meltinl on tha roda for ona
half-cycle of arcing at 60 Hz. ..$ Furthermore, the arc
drop did not exceed 70 v.2 During full power inter- -
ruption taatu with the beat of the RATVCawitchea, the
Cl tube, the highest powr level attained ● t GE wae
20 Ow. The Cl tube carr!ed In ac current pulse of
150 M peak, interrupted the current flow during a
natural ac current zaro, and withstood , .ecovery
voltage reaching a peak of 135 kV within 15J X.3

While there are a number Of requirements for
opening and cloeing switches in EM launcher ●yatems,
one of the moat ❑evere application la for ● rapeti.-
tive opening ewitch in inductively-driven railgun
eyatema. Since the ●ccelerating force on the pro-
jectile ia proportional to the square of the currant,
railguna ● re beet driven by generator capable of pro-
viding nearly-constant current. Furthermore, the high
peak power ●nd large total anergy required during each
●hot quickly lead to the requirement for an intermedi-
● te ●nergy storage nyatem between the railgun and the
prime power ●ourcn. Wi:h “current ●ource’” character-
iatico ●nd a high enersy storage denolty, inductive
energy storage III ● logical candidate to meut these
roquirementc. However, ita effective utilization for
thic ●pplication depande on ●dvancee in opening ●witch
technology ●nd the development of afficient transfer
circuite. Thie paper will ●ddreoo both requirament~.

Opening Switch and Tranefar Circuit Fundamental~

There ● re two fundamental ●witch openi~ me~hods
(direct interruption and counterpulaa) ●nd aoaociated
tranefur ctrcuita. With tha direct interruption
method, the impedance of the opening twitch R(t) in
:he reoictive tranefer circuit, Fig. 2, la rapidly
raieed to o value ❑uch greater than the load impedanco
to “choke off” the current flow ●nd force the -witch
current (loop 1) to transfer to the load (loop 2).
‘The load voltage riaetima depende directly on the
switch impadf (Ice rio.tima. The ●witch must con(iuct
the fvl,l otorage current, undergo a large impedance
change, and then withstand the h.sh recovery voltage
immediately aftavard. In ●ddition. due to conser-
vation of flux durinu the ●witching operation, reeis-
tive trancfer tircuita taquire that the opening ●wilch
diaeipate the energy ~soociated with the toad in-
ductance 12 ●nd ito own inductance Lewitch* The mini-
mum amount of energy, CDIS, that munt be dieeipated in
the opanil~ **”itch (for inetantanooua ●witching) ie

Fig. 2, Schematic diagram of reaintive tr~,
circuit with ●tray Indwctanrun.
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rnlated to the energy k&witch stored in the switch
inductance and to the energy EL2 tranaferrad to tha
load inductance by tht equation

EDIS - EL~witc:) + (1 + WEL2 , (1)

where X - L2/Ll. 4 If L2 or ~witch are appreciable,
the tranafer efficiency is correspondingly reduced.
The switch disaipaticn increases aa the switching time
increases (ie., real switching conditions).

With the counterpulae method, the currant in the
opening switch S1 (loop 1) of the capacitive tranafer
circuit, Fig. 3, is momentarily reduced to zero by
discharging the countarpulse capacitor CZ through the
switch (loop 2) in the direction opposing the main
current. If tha currant zero time is long enough, the
switch recovers and opena. The coil current than
flown th:ough C2, rapidly raiaing its voltage to a
valua sufficient to force the current to transfer to
the load (loop 3) when switch S3 is closed. The muin
switch S1 ia allowed to opan naturally during a time
of zero currant while the severity of the recovery
voltage straaa la reduced by the parallel counterpulse
capacitor. Unlike the rasistive transfer circuit, the
capacitive transfer circuit has no fundamental energy
l.osees aaaociated with the circuit otray inductance.
The ●nergy ELawitch stored in tha opening switch in-
ductance Lswitch is act~ally transferred back to the
storage coil L1 by the action of the counterpulse ca-
pncitor. Tha incraase in stored energy AEL1 in L1
is given by the equation

(2)

where Y - I~witch/’Ll.4 Therefore, tha energy Ec that
the capscitor must have to insure sufficient counter-
pulsa current in the opening rnwitch SI is given by

Ec - (1 +y)CLswit~h . (3)

Further analysie of the resistiva and catacitivo
transfer circuits for th~ special case of puraly in-
ductive loada and ideal opening switches shows that
the same ●mount of ●nargy must ba handled by tha
resiotive ana capaci ive transfar ●lamanta during tht
transfer oper~tion. \ The key difference is that the
resistor dissipates ita anergy while the ●nergy in the
capacitor is recovered. For purely inductive loadu,
the operational ●fficiency of the capacitive transfer
circuit ●pproaches 100 %,

Tha implications for railgun switches ~nd systems
ara clear, At the current levels involved, the ●nergy
unsoctated with ●ny stray inductances must be fully
considered. If ● dir~ct-int~rruption opwt!ns svitch
i~ u-cd, th~n tho ●nargy diamipation mquirad by Eq. 1
mu~t be dealt with. The ●ffect of the salf inductance
of tho opening switch ●nd the initial inductance of
the rsil~un and its connections may have enou~h Impact
upon the ctrruit transfer ●fficiency ●nd tha operotion
ot tho op:nins switch to maka some direct-interruption
opentnl~ switch schemes impractical, However, currwtr
zero swifchee can ~)e coupled with the high tratwfer
effic!erxy produced hy tha cnuttt~rpulse capacitor to
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Fig, 3, Scllmatic diagram of capactttvo transfar
rlrcuit with ●tray Inductances,

provide an approach that may be mora practiesl. A
completa nyatem study will probably ba needed to
determine the beat ●pproach for ●ny particular load.

ODera~ Petential of the XATVGSwitch

To use current-zero type switches to interrupt ●

dc current, ● n artificial current zero must be created
in the switch. This ia urually ●ccomplished by dis-
charging ● capaclt r through the openir~ switch in the
direction opposing the resin currant. To keep the ca-
pacitor size reaeonabla, the switch current must be
countarpulaed to zero rapidly and held near zero for ●

short tim~. For the diffuse-mode vacuum ● rc, the
total counterpulae tima need he only ● fek tena of pa.
Howmver, thie condition ia quite different from 60 Hz
ac operation, where rhe time from peak to zero current
ia ●bout b m. Standard vscuum interru ters, for
instance, use specinl electrode geometries 1 to ●now
operation cbove tha diffuse-arc mode region ●nd depend
on the long current falltime to raturn to the diffusa-
● rc mode bafore reaching current zero. Consequently,
the dc performance of standard vacuum interrupters ia
usually only ●bout 40-60 X of their ● c capability.

By comparison, RATVCswitchan should perform con-
siderably bettar than this. According to both vihual
observationa and ● rc voltage records, the vecuum arc
in tha rod ●rray structure remainad diffuse #n ●ll the
tests ●t GE (includjng the 240+A pulat), probably
due to thm large ●mount of surface ● rea on the roda
●nd tha fact that the ● rea burn parallel to the di-
rection of the ●elf ma~natic field of the total switch
current. Aa 10MU as the ● rc remaina diffuse, current-
zero interruptions ~hould ocsur about ● s easily w!.th
the fast countarpul~o tr,chnique (dc duty) ad for a
natural current zero (sC duty). Therefore, the dc
interruption capability of tha Cl tube ia ●xpected to
approach its demonstrated ●c porfomance of 1s0 kA.

The nse of c RATVGswitch ● s ● current-zero type
openir@ switch in railgun cpplicationa depends upon
bein8 ●bla to ukgradt its current conduction capa-
bility while ❑aintaining the ● rc iti ● diffusa mode.

An increas~ of 5-10 timac ovor ita damonstratad capa-
bil~ty of 240-kA must be ●chieved, but can reasonably
ha ●irpectad for s?wral rcasona. first, the previous
tests wero limited Oy the test facilities, noc the
switches. The ●ctual current conduction ●nd inter-
ruption limits of the C1 switch ● re still unknown.
Sef:ondly, the originators ●nd developers of tha rod
●rtay concapt fowl thaL increaoed current capabilit
can be ●chiaved by ●dding mora rods to the structure, !

such ● s in tha periodic ●rray switch. 2 Finally, the
amount of charge t;an+ferred by the rod ●rray switch
during the 240-kA test is ●quivalent to p~ssint 1.3 MA
fnr ●bout 1 mm, condition wall within the eperati~
ranga of railgunst Sinco [t opens on ● currant zero
and usos s trigger sys:em to turn on, the RATVC switch
oper~tion is not limited to ●echanical tlmo rncales.
Very hish repetition rateo should be possible.4

Th~ RATVC switch may ●lao be ab~a to oparate ● a
● direct.,intorruption openinS switrh. By ●pplyln~ ●

msgnatic field transverse to tha ●rc, the ● rc volta~e
And switch impedance can ba lncraased, forcirg the
current to trartafer to s parallel Iower-lmpedanco
load. Tratlsverse ●acntitic fieldu have p nducad ● rc
volta8*a of l-h kV in vacuum intetrwptarao If An ●vial
m~neelc field ●pplied transverse to tha clrcumfar-
antial urus in ● RATVC switch ●hould ba ●ble to do
llkawise. Such ● ●a8netic field could be prducad
rather ●aa!ly ●nd ●ffectively vith ● simplo solanoid.
For low j.mpedtince loads, ●uch ● s the initial impadanco
of a ra~lpn, this ●ethod ●arits further constder-
stion, partlculatly if ● complata Intrnr.”uptlow can be
●chieved soon ●fter tht tranafer. For Inetance, ●

rnwitch voltaSe uf 4 kV could fort. the tranafor of 1
MA I,ito ● ,3-IM load in ●bout 75 W, with tho switch
●beorbln~ ●bout 150 kJ,



Applications

There a number of EM launcher applications where
owitching problems need to be addreased. Current-zero
switchee will be needed es etart-disconnect switches
in staged-drive railgun ayeteme to isolate each etage
driver ●fter II . done ite work and in capacitively-
driven inductio;. IS to recover the ene:sy after each
pulse. The moat fficult switching problem appeare
to be in the ind Ively-driven repetitive railgun.
This system require~ I repetitive opening avitch capa-
ble of handling and ~.lterrupting currente aa high as a
few MA, w~:het.znding ,ecovery voltagee as high aa a
fav to 10kk, ●wI opert ting at pulse repartition ratea
of 1-10 ppa and posaibl> up to 50 ppa. ‘The problem of
producing repetitive pulses in high Impedanct Ioada
using inductive energy storage was effectivcjly ad-
dreeaed in ● 3 ●ar reoaarch and development lro8ram

7at ha Alzmoa, culminating in a full power demon-
stration ~roducing a 75-MW, 5-kIiz pulse train at a
l-fl load. Ig lhe problem of inductively drivin& hfgh-
clrrant, low-impedance loada, when coupled with the
need to recovar tha energy remaining in the load in-
ductance after each pulse, la efficiently different
and difficult to require a fresh approach.

?he minimum railgun barrel length 16 achiaved by
driving the projectile with a constant current ● t the
maximum acceleration permitted. Under conditi ma of
conatnnt-current drive, the ●nergy in tha Il(ductance
of the raile equale the kinetic enargy in the pro-
jectilar If tha energy remaining in the railgun in-
ductance lo not used or recovered, it caumea two major
problems. Firet, the operating efficiency will be
limited to 50 X, requiring the main inductive energy
etora to be twica ● a big ● a necaeeary. Secondly, the
energy must ba diaaipatnd ●ithar in tha raila or in
external reaietance, For rapatitiva oparation, the
firot option quickly leade to unacceptable waight and
cize requirements on tha rail.e while the oacond option
●dde ● fairly eignificent auhayatem to the problem,

An alternative to dissipating the ●ner8y la to
crowbar or ehort circuit the breech of tha railgun to
●now the magnetic energy trappad in the inductance of
the gun to continue to drive the projectile. Tha ●f-
fectivenees of thie ochama waa inveotigatad uelrrg ●

eelf-conalstent, variable-current computar model. A
projactila wae ●eeumad to be ●ccalaratad to a givan
velocity ueing ● constant-currant ●ourca to driva ●

looelema railgun. After tha breach crowbar ●witch wzm
clooed, the projectile wae furthar ●ccelerated by the
magnatic ●nergy remaining in the gun. A normalized
plot of the energy in the railgun inductance vereuo
projectile pooition ta shown in Fig, 4. Energy ia
add?d linearly to the 8Un inductance until tha braech
crowber switch ia closed, Tha projactilc poattion mt
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4, Normalised plot of tnducttve ●nargy III rail-
Bun barrel vcrnue projactlla pooition.

that time la defined as 1 unit of barrel length and
the maximum inductive energy in the gun is defined as
1 unit of ●nergy. After that time, energy ie added to
tha projectile at the expense of the energy in the ?,o-
ductance. The reeulte of Fig. 4 show that the barrel
length muet be made twice ae long to recovar 50 % of
the gun’s inductive anergy and made 5 times aa long to
racover 80 %. It la claar that thie scheme rapidly
becomes impractical, wfth tha ●xtra energy recovered
not being worth the extra barrel length needed.

TO fully recover the energy stored in the gun’e
inductance, one must uae resonant circuits. When the
projectile haa reached ite required valocity or has
exited the barral (whichever cornea firat), a crowbar
ewitch acroao the muzzle ie closed. Let 10 be the
current f10WiIt8 through the etorage inductor L1 and
the lnad inductor L2 at that time. By connecting a
prechergad capacitor Cl acroao the inductore, as shown
in Fig. 5, one can net up a resonant circuit condition
to cauea the current in the load inductor to oecillate
through zero. All the circuit ●ner8y can then be
trapped in the storage inductor L1 by closing a switch
acroaa tha capacitor. The oscillation in L2 can be
initiated in either direction. If the initial capaci-
tor voltage VO is negative, the current in L2 will be
drivan towarda zero in a manner identical to the
countarpulaa tachniqua for awitchee. Tha Init:al c.z-
pacitive energy required to cauae a current zero in L2
la obtained from Eq. 3 (L2 replacea Lawltch) 8ivin8

EC - (1+X)%2 , (4)

whare X - L2/Ll. On the other hand, if VO is poaf.tive
●nd tha capacitor haa eufficlent tnergy, the current
in L2 will fir-t ●wing to a value of 210 before re-
varaing ●nd comtng through zero, Tha oame amount of
initial capacitive enargy, Eq. 4, la still requirad.
A plot of tha enargy variation in tha capacitor and in
the load inductance during the resonant energy re-
covary procaea IS ●hovn in Fig. 6 for both of these
racovery msthoda (for the caaa X - 0.2). The k.ay
differancas ● ra that the ovarpulne ❑athod doublet tha

:rrent in L2 ●nd t~kaa 3 timae longar than tha
counturpuiae mathod. Which method la bast depand~ on
● number of factore, including railgun raoiutancc ●nd
●trana limitc. The countat(;lae method impoaaa Ial.n
● traaa on the railn ●nd la m.re ●fficient bacauea the
current zero in L2 ie producad in leae tima. Howavar,
it requirea more ewitchea than the overpulaa mathod.

A rapatitiva ●nergy tranefer ●nd ●nergy recovery
circuit requiring onl.~ 4 ewttchaa ●nd crmploying tha
counterpulac technique for both switch opening tnd
●nergy r?covery ie ●hewn in Fig. 7. The etorage
currant 10 initially flows throush Ll, S1, ●nd S2
(1OOP 1) whil~ Cl i~ cherged to ● voltqja VO. When
the projectil? la injected into tha barrel, c1 die-
chargea through the railgun (loop 2) to iwton!atlcally
counterpula~ the current in switch S2 t$~ zrro. With
S20pan, the currant from L1 fiowa through S1 ●nd Cl
to drive the projactila whila aleo revereins the pn-
Iarlty of Cl. Whan Cl h~rn been charsad to ● vultago
VI ●nd ●nargy •l~ghtly greatet than (i + X)~+2final
(whare X = L2ftnal/1,1), ●witch S3 ie clornod to hypana
the cepacitor. After the pro.jactlle haa raached tte

11 +

I_ _J. --..-L1
FiR. S* Schematic dtanrnm of rooonanl circuit nead.d

to fully recuvar ●ner~y from inducllvd loada,
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inductor (A) and tha transfer capacitor (B)
during a resonant ●nergy recovery with the
counterpulse (!.) and overpuloe (2) mathodr.

L1

L-

FiII, 7. Schemstic diagram of t counterpulne ●nergy
tranefer and ●nergy r*covery circuit for m
repetitive railgun syetem.

deeirrd velocity (or exited the barrel), tbe mu;itlg

crowbar ●witch S4 iu cloeed, The circuit ie then
pl-ced in th~ resonant cner8y recovery mode by cioei~
twitch S? to ●llnw Cl to coul~tcrpulse the cutrent in
L2fiMl to zero ●nd return ite ener~y to Ll, an dim-
cu~nad ●arlier. By nlishtly dulayi~ the clooing of
S~ to trap the nyetem tnergy in Ll, tho capacitor can
be rechar~ed to a voltage V~ snd the ●ntire circuit
roturnud to ite ori8inal condition (except for the
●ner8y imparted to the projectile).

An ●nor~y trentfer and racovery circuit ●mployl~
tho ov~r ulee ●nergy rccovory tochnlque ie ehown in
Fig.&etorag. c.rrent I~in L~,nitiallyflowo
through ●witch S1, If S1 f,e ● current-cero @witch, Cl
munt have efficient tnitial ~tored ●nergy to provido
● current counterpulee in S1 ●nd ● ●witch must be pro-
vidad in k,oriee with th~ capacitor. For ●impltcity,
Sl ie ●eouued to ha a direct-interruption ●uitch ●nd
the capacitor doeo nmt nead to have ●ny initial stored
energy. When tho proj~ctile ham been injected into
the railaun, 81 ie oponed to forca the current to
trauafer into Cl ●nd tha reil~un. The capacitor
tracks th~ volta~o of thn rai18un ●nd ●uet be eised ●o

that its energy at the find railgun voltage will be
slightly greater than that required by Eq. 4. When
the muzzle crowbar switch ie closed to terminate the
projectile acceleration, the circuit is placed into
the reamant overpulee condition diecuesed earlier.
The capacitor eete up an oscillation in the railgun,
forcing its current to double and then ewing to zero.
Switch S1 ie then cloeed to ~rap all the circuit
energy in Ll, returning the circuit to its original
condition (minue the projectile energy) and compltiting
one energy tranefer and recovery cycle.

For both of the circuits just described, the ca-
pacitor must be able to store ●nergy in the few-10 hiJ
range at voltages 1 the few kV range. This leada to
a capacitance in the F range. While thie ia +tfte
impractical for etandard capacitors, it should be
feasible ueing a rotating electrical machine.

L1

Fig. 8. Schematic diagram of ● n overpulse ene?sy
tranefer and ●nergy recoverY circuit for ●

repetitive railgun syetem.

s,As89.uion s fo r Futur e Researc&

Rem?rch ●hould ●ddreeo both ●witchee and
circuits. Reeearch ●nd development of the RATVG
switch ia needed to incraaae its current rating, to
reduce ite conduction drop, to investigate its turn-
on ● rc characteriatice, and to determine the feasi-
bility of Win8 an ●xial magnetic field to make it a
direct-interruption ewitch. Syatcms ●tudies ● re
needed to check the ●datability of theee trsnafer ●nd
energy recovery circuitd for particular ●pplications,
to detemine whether the required tranefer capacitor
10 feaeibla, and to improve upon the preeent conc~pte.

The ●uthor thanke h. Nunn~lly of Los Alamo- for
●seictance during numerous diecueelone. Dimcuaeiona
with M. Fowler, L. Narria, C, Ooody, J Rich, C.
Kimblin, ●nd X. Dethlefsen haw ●leo been helpful.
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